We explore the effects of non-standard neutrino interactions (NSI) and how they modify neutrino propagation in the Deep Underground Neutrino Experiment (DUNE). We find that NSI can significantly modify the data to be collected by the DUNE experiment as long as the new physics parameters are large enough. For example, If the DUNE data are consistent with the standard three-massive-neutrinos paradigm, order 0.1 (in units of the Fermi constant) NSI effects will be ruled out. On the other hand, if large NSI effects are present, DUNE will be able to not only rule out the standard paradigm but also measure the new physics parameters, sometimes with good precision. We find that, in some cases, DUNE is sensitive to new sources of CP -invariance violation. We also explored whether DUNE data can be used to distinguish different types of new physics beyond nonzero neutrino masses. In more detail, we asked whether NSI can be mimicked, as far as the DUNE setup is concerned, by the hypothesis that there is a new light neutrino state.
the DUNE experiment and compute how well DUNE can exclude the various NSI new physics parameters. In Sec. IV, we choose three different NSI scenarios and compute how well DUNE can measure the new physics parameters. Here we also address whether DUNE can distinguish between the existence of NSI and sterile neutrinos. In Sec. V, we qualitatively discuss potential diagnostic tools beyond DUNE, including future data from HyperK and next-generation measurements of the atmospheric neutrino flux, and offer some concluding remarks.
II. FORMALISM, CURRENT BOUNDS, AND OSCILLATION PROBABILITIES
We allow for the existence of new neutrino-matter interactions which, at low enough energies and after electroweak symmetry breaking, can be expressed in terms of dimension-six four-fermion interactions. In more detail, we consider the effective Lagrangian,
where G F is the Fermi constant and f f s αβ represent the interaction strength, relative to low-energy weak interactions, between neutrinos of flavor α and β, α, β = e, µ, τ , with fermions f s and f s of chirality s. We are only interested in the couplings to first generation charged fermions, f = e, u, d, and for simplicity only consider the diagonal couplings to the charged fermions, i.e., f = f . While non-standard neutrino interactions may affect the neutrino production and detection processes, here we only consider the effects of the new interactions during neutrino propagation, as including these effects requires additional parameters describing the production and detection processes (see, for example, Refs. [40, 41] ). The use of a near detector in experiments will help address these effects (see, for example, Ref. [42] . See also [43, 44] ). Following the standard conventions from Refs. [15, 20-23, 25, 29, 45, 46] , oscillation probabilities will be expressed in terms of the effective parameters αβ = f =u,d,e αβ and n f is the number density of fermion f . In the Earth's crust, assuming equal numbers of electrons, protons and neutrons, n u /n e = n d /n e = 3.
The probability for a neutrino flavor eigenstate |ν α to be detected as an eigenstate |ν β is P αβ = |A αβ | 2 , where A αβ is the oscillation amplitude. We can write
where L is the propagation length of the neutrinos (assumed to be ultra-relativistic), U is the Pontecorvo-MakiNakagawa-Sakata (PMNS) leptonic mixing matrix, and H ij is the propagation Hamiltonian in the basis of the neutrino mass eigenstates, which will be defined later, cf. Eq. (II.4). The PMNS matrix can be parameterized by three angles (θ ij ; i < j; i, j = 1, 2, 3) and one CP -violating phase (δ). Using the standard parameterization from the particle data group [47] where c ij = cos θ ij and s ij = sin θ ij . The Hamiltonian is
where ∆m
i , E ν is the neutrino energy, and V ij is the matter potential which includes both the chargedcurrent interactions with electrons and the NSI. As usual, SM neutral-current interactions can be absorbed as an overall phase in the propagation. Here, the matter potential is
where A = √ 2G F n e and n e is the number density of electrons along the path of propagation. For propagation through the Earth's crust, A 10 −4 eV 2 /GeV. The NSI parameters αβ are real for α = β and complex for α = β, so there are a total of nine new real parameters. For the purposes of oscillation probabilities, however, one is free to set any one of the diagonal αα to zero. In other words, one can only constrain two independent differences of αα , e.g., ee − µµ and τ τ − µµ . In calculating the oscillation probabilities for antineutrinos * , U * replaces U , and
replaces V ij , keeping in mind that V , which is a term in the neutrino propagation Hamiltonian, is Hermitian. Data from neutrino oscillation experiments and other experimental probes are consistent with αβ = 0, and the most conservative, "neutrino-only" limits are, according to Ref. [45] ,
and nothing is known about the phases of eµ , eτ , and µτ [45, [48] [49] [50] . We refer readers to the literature for all the details and provide some comments on these limits and the assumptions behind the effective theory Eq. (II.1) in Sec. V. Unless otherwise noted, we will use Eq. (II.7) in order to gauge the reach of future oscillation experiments. For illustrative purposes, we consider a two-neutrino scheme with oscillations among ν µ and ν τ , † allowing for either diagonal ( τ τ ) or off-diagonal ( µτ ) NSI, and compute the muon-neutrino survival probabilities P µµ . In the case of only diagonal NSI ( τ τ = 0),
where
13 . Nontrivial τ τ (i.e., nonzero ζ) modify the oscillation frequency and amplitude in matter relative to oscillations in vacuum. For neutrino energies O(1 GeV) and ∆m 2 13 
10
−3 eV 2 , η D is a small parameter [O(0.1)] even for τ τ values around unity. Note that this oscillation probability is identical, once one reinterprets the mass-squared difference and the mixing angle, to two-flavor ν e → ν e oscillations in the presence of constant matter when SM matter effects are taken into account.
For purely off-diagonal NSI ( µτ = 0), the disappearance probability is
where ξ ≡ 4 (η O ) sin (2θ 23 ) + 4|η O | 2 , and η O ≡ AE ν µτ /∆m 2 13 . Again, η O is a small parameter for the neutrino energies of interest. General two-flavor oscillation probabilities in the presence of constant matter can be found, for example, in Ref. [51] .
Comparing Eqs. (II.8) and Eq. (II.9), it is easy to see that diagonal and non-diagonal NSI are qualitatively different. In the limit of large NSI ( → ∞), for example, P µµ → 1 in Eq. (II.8), because the muon-neutrino state becomes an eigenstate of the Hamiltonian. In the same limit, P µµ → 1/2 (assuming the oscillatory term averages out) in Eq. (II.9), i.e, the effective mixing is maximal. This occurs because, in the purely off-diagonal case, large NSI limit, the propagation Hamiltonian is purely off-diagonal. On the other hand, in the small L limit (∆ 13 → 0), P µµ behaves as if the oscillations were taking place in vacuum in Eq. (II.8), while this is not the case in Eq. (II.9). In the off-diagonal case, in the small L limit, the "matter mixing angle" is sin 2 2θ eff sin 2 2θ 23 + ξ. We also note that P µµ in Eq. (II.9) depends on (η O ) and |η O | 2 , and that, for a pure-imaginary µτ = i| µτ |, the NSI effects are proportional to | µτ | 2 . Therefore, for small µτ , we expect lower sensitivity to NSI if the new-physics parameters are pure-imaginary.
Previous studies have found degeneracies in oscillation probabilities among different NSI parameters, as well as between NSI parameters and three-neutrino oscillation parameters [20] . In particular, these degeneracies arise when certain approximations are valid, e.g., sin 2 θ 13 → 0 and ∆m 2 12 → 0 for atmospheric neutrino searches. We find that, for a long-baseline experiment, exact degeneracies exist for fixed values of E ν , but these are mostly broken when multiple energy bins and oscillation channels are combined. Fig. 1 depicts the degeneracy between sin 2 θ 23 and τ τ for fixed neutrino energy values for the muon-neutrino disappearance, muon-antineutrino disappearance, and the ν µ → ν e neutrino appearance channels computed using a full three-flavor hypothesis. The fixed neutrino energy values are chosen to coincide with the maximum yields at DUNE, explained in more detail in Sec. III. and θ 23 for the mass-squared difference and mixing angle, respectively. ∆m 2 13 = +2.47 × 10 −3 eV 2 . These parameters are in agreement with Ref. [47] , and we will refer to them in the following sections. Additionally, here, we set δ = 0. Curves for the disappearance channels can be understood using the simplified form of the oscillation probability Eq. (II.8), and are nearly identical to those in Fig. 1 . The three curves in Fig. 1 An interesting feature of off-diagonal NSI is that they can mediate CP -invariance violating effects ( [52, 53] . These are, however, difficult to identify by comparing the two CP -conjugated process P αβ and Pᾱβ because of the CP Tviolating nature of the matter effects. For illustrative purposes, it is more useful to look at the T -conjugated channels P αβ and P βα . In the absence of fundamental CP -violating parameters, P αβ = P βα even if the neutrinos propagate in matter, as long as the matter-profile is constant (or symmetric upon exchange of the source and the detector). For more details on T -violation see, for example, Refs. [54] [55] [56] [57] [58] [59] [60] .
‡ Fig. 2 depicts the T -invariance violating effect of the NSI. The oscillation probabilities P µe and P eµ were computed for complex and real NSI parameters, assuming no "standard" sources of T -invariance violation, i.e., δ = 0. We discuss in Sec. IV how sensitive is the DUNE experiment to these new sources of T -invariance (and hence CP -invariance) violation.
III. EXCLUSION CAPABILITY OF DUNE
We investigate the sensitivity of the proposed Deep Underground Neutrino Experiment (DUNE) [1] to NSI. We consider that DUNE consists of a 34 kiloton liquid argon detector and utilizes a 1.2 MW proton beam to produce neutrino and antineutrino beams from pion decay in flight originating 1300 km upstream at Fermilab, consistent with the proposal in Ref. [1] . The neutrino energy ranges between 0.5 and 20 GeV and the flux is largest around 3.0 GeV. In the following analyses, we simulate six years of data collection: 3 years each with the neutrino and antineutrino beams. Unless otherwise mentioned, for concreteness, we consider that the true value of δ, the CP -violating phase, is π/3 and restrict our analyses to the normal neutrino mass hierarchy, i.e. ∆m , and δ = 0, i.e., no "standard" T -invariance violation. The green curve corresponds to Peµ while the purple curve corresponds to Pµe. If, instead, all non-zero NSI are real ( eµ = 0.1, eτ = 0.1, µτ = 0.1), Peµ = Pµe, the grey curve. The dashed line corresponds to the pure three-neutrino oscillation probabilities assuming no T -invariance violation (all αβ = 0, δ = 0).
We calculate expected event yields for the appearance (P µe , Pμē) and disappearance (P µµ , Pμμ) channels for neutrino and antineutrino beam modes using the oscillation probabilities discussed above, the projected DUNE neutrino fluxes from Ref. [1] , and the neutrino-nucleon cross-sections tabulated in Ref. [61] . Fig. 3 depicts these yields for two scenarios. In all four panels the blue line corresponds to a three-neutrino scheme with three-neutrino oscillation parameters as listed in Sec. II (in agreement with Ref. [47] ), and δ = π/3. The dashed line corresponds to a nonzero NSI scenario, ee = 0.5 and µτ = 0.2e −iπ/2 (all others are set to zero). The four dominant backgrounds are consequences of muon-type neutrino neutral-current scattering ("ν µ NC"), tau-type neutrino charged-current scattering ("ν µ → ν τ CC"), muon-type neutrino charged-current scattering ("ν µ → ν µ CC"), and beam electron-type neutrino charged-current scattering ("ν e → ν e beam CC"), as depicted in Fig. 3 . The rates associated with these backgrounds are taken from Ref. [1] , and event yields have been shown to be consistent with projections by DUNE in Ref. [62] . As in Refs. [1, 62] , we use 1% signal and 5% background normalization uncertainties.
If the data collected at DUNE are consistent with the standard paradigm, we can calculate exclusion limits on the parameters αβ . We make use of the Markov Chain Monte Carlo program emcee to generate probability distributions as a function of several parameters and construct confidence intervals [63] . Fig. 4 depicts two-dimensional exclusion limits and one-dimensional reduced χ 2 distributions for the NSI parameters, assuming the generated data to be consistent with the standard paradigm. During the fit, we marginalize over all unseen parameters, including the phases of the off-diagonal NSI parameters and the standard three-neutrino parameters. Additionally, we include Gaussian priors on the solar neutrino parameters: ∆m 2 12 = (7.54 ± 0.24) × 10 −5 eV 2 , |U e2 | 2 = 0.301 ± 0.015, as discussed in detail in [62] . Finally, we choose µµ ≡ 0. As discussed in the previous section, this is equivalent to reinterpreting ee → ee − µµ and τ τ → τ τ − µµ . Henceforth, we will refer to αα − µµ as αα (α = e, τ ) and will no longer discuss µµ as an independent parameter. The reason for singling out the µµ-component of the NSI is simple: it is the best independently constrained parameter. Depicted in Fig. 4 , the DUNE-reach to the diagonal NSI parameters is inferior to the conservative bound on µµ in Eq. (II.7) so the distinction between αα and αα − µµ is not, in practice, significant.
The expected bounds from DUNE are significantly stronger than those displayed in Eq. (II.7) for all relevant NSI parameters. The sin 2 θ 23 -τ τ degeneracy discussed in connection with Eq. (II.8) in the previous section manifests itself in the form of the local minima for the reduced χ 2 ( τ τ ) in Fig. 4 (fifth row, far right). In agreement with the discussion surrounding Eq. (II.9), we find that the larger allowed values of | µτ | are associated with arg( µτ ) = π/2 or 3π/2, which is responsible for the "flat shape" for the for the reduced χ 2 (| µτ |) in Fig. 4 (fourth row, far right). The | µτ | -arg( µτ ) plane is not depicted in Fig. 4 large allowed values of | µτ |. This type of behavior will be discussed in more detail in Sec. IV.
Previous studies, particularly those of atmospheric oscillations, observed degeneracies in the eτ -τ τ plane for fixed values of ee [20, 22] . We find that DUNE's increased sensitivity eliminates this degeneracy for the most part, and only modest hints of correlations can be seen in the ee -| eτ | plane in Fig. 4 (third row, far left) . 
IV. NSI DISCOVERY POTENTIAL OF DUNE
Here, we assume that the data collected at DUNE is consistent with nonzero NSI. In order to explore different scenarios and discuss the discovery potential of DUNE more quantitatively, we consider three concrete, qualitatively different cases, tabulated in Table I . In all cases the values of the selected αβ are within the bounds in Eq. (II.7) but outside the expected allowed regions in Fig. 4 . In Case 1, we assume that all NSI are strictly off-diagonal (in the neutrino flavor space). We also allow large relative phases between the different αβ . In Case 2, we assume all NSI are diagonal in flavor space, and, as discussed earlier, fix µµ ≡ 0. Finally, in Case 3, we assume that the new physics lies within the e − τ sector in such a way that αµ = 0 for all α = e, µ, τ . This case is partially motivated by the fact that αµ are, currently, the best constrained NSI parameters. As in the previous section, for all simulations, we consider three years each of neutrino and antineutrino mode data collection, with a 34 kt detector and 1.2 MW beam. Three-neutrino parameters are consistent with Ref. [47] . The data are analyzed using a χ 2 function, and we utilize emcee to generate parameter likelihood distributions in one and two dimensions. When defining a best-fit point to simulated data, we consider the overall minimum of the χ 2 distribution, as opposed to the set of minima of the marginalized one-dimensional parameter likelihoods. We do not recalculate background yields for the different hypotheses as the 5% background normalization uncertainty renders any discrepancies negligible.
A. Compatibility with the Standard Paradigm
The first question one needs to address is whether DUNE can successfully diagnose, if NSI are real, that the standard paradigm is not acceptable. To pursue this question, we simulate data assuming the three cases discussed above (Table I) , but attempt to fit to the data assuming the standard paradigm. Following the philosophy of Ref. [62] , we do not attempt to combine DUNE data with existing data or data from any other concurrent future experiments, except when it comes to "solar" data. As in the previous section, we include our current knowledge of the solar parameters ∆m 2 12 and sin 2 θ 12 by imposing Gaussian priors on ∆m 2 12 = (7.54±0.24)×10 −5 eV 2 , |U e2 | 2 = 0.301±0.015 in our analysis, unless otherwise noted. We point readers to Ref. [62] for more details. We comment on combining DUNE data with those of other future experiments in the Conclusions.
For the three cases we explore, the standard paradigm provides a poor fit to the simulated data. For Cases 1, we find, for the best-fit point, χ Table II .
B. Measuring the NSI Parameters
Once it is established that the standard paradigm is ruled out, one can proceed to try to explain the data using a new physics model. Here we discuss the results of fitting the NSI-consistent DUNE data with the NSI hypothesis, and show how well one can measure the new physics parameters αβ . As discussed in Sec. III, we choose µµ ≡ 0. Fig. 5 depicts calculated sensitivity contours to the NSI parameters when data generated are consistent with Case 1 in Table I . During the data-analysis, while quoting the allowed values of the different αβ , we marginalize over all other oscillation parameters, including the standard three-neutrino oscillation parameters. Here, DUNE can exclude | eµ | = 0 and | µτ | = 0 at almost the 99% CL, and can constrain the diagonal | αα | 1 at the one-sigma (α = e) or three-sigma (α = τ ) level. If Case 1 happens to be consistent with DUNE data, the experiment will also be able to provide hints, at the one sigma level, that eµ is complex and that, hence, there is a source of CP -invariance violation in the lepton sector other than δ.
In Case 2, only the diagonal NSI parameters are non-zero: ee = −1.0, τ τ = 0.3. Their measurements are depicted in Fig. 6 . Here, ee = 0 is excluded at between 68.3% and 95% CL, and τ τ = 0 is excluded at 99% CL. The local minima of χ 2 ( τ τ ) in Fig. 6 are mostly a manifestation of the degeneracy between τ τ and sin 2 θ 23 , discussed earlier in the text surrounding Eq. (II.8). The | µτ | -arg( µτ ) plane (Fig. 6 bottom-right) also illustrates the effect discussed around Eq. (II.9) -the sensitivity to nonzero | µτ | is least when arg( µτ ) = π/2 or 3π/2.
In Case 3, we allow both diagonal and off-diagonal NSI to be non-zero, but imposed that all new physics parameters involving the muon-flavor to be zero: ee = 0.5, τ τ = −0.3, eτ = 0.5e iπ/3 . Their measurements are depicted in Fig. 7 . Here, we see good sensitivity to the non-zero parameters, except ee , where the input value is too close to zero to distinguish. τ τ = 0 is excluded at roughly 95% CL, and we see the previously discussed degeneracy between τ τ and sin 2 θ 23 . Additionally, | eτ | = 0 is excluded at over 95% CL, and we see that part of the phase space for arg( eτ ) is ruled out at 99% CL. Lastly, we see again the reduced sensitivity to µτ when it is purely imaginary. Table I ). Top row: reduced χ 2 , with horizontal lines indicating the 1, 2, and 3σ allowed ranges. Bottom row: sensitivity contours at 68.3% (blue), 95% (orange), and 99% (red) CL. The input three-neutrino oscillation parameters are consistent with Ref. [47] and are marginalized over. Gaussian priors are included on the values of ∆m 
C. Compatibility with a Sterile Neutrino?
While we have established that DUNE data are inconsistent with the standard paradigm if they happen to be consistent with one of the three cases tabulated in Table I , it remains to address whether the data are consistent with other new-physics scenarios. In other words, we would like to diagnose whether DUNE can not only establish that the standard paradigm is wrong but also want to understand whether DUNE can distinguish different potential new physics scenarios. Here we compare NSI hypothesis with the hypothesis that there are new neutrino states. § We fit the different simulated data sets introduced earlier in this section (Table I) to a four-neutrino hypothesis. As in Ref. [62] , we assume m 4 > m 1 (but not necessarily m 4 > m 3 ) and include the two new relevant mixing angles, φ 14 and φ 24 , and one new CP -violating phase. We refer readers to Ref. [62] for more details, including the definition of the new physics parameters.
The NSI and sterile-neutrino hypotheses are qualitatively different. They mediate different energy dependent effects, for example. NSI don't lead to new oscillatory behavior but, instead, (roughly speaking) grow in importance as the energy grows. On the other hand, the sterile neutrino hypothesis is quite versatile. As one varies the magnitude of the new mass-squared difference, inside a fixed L/E ν -range, the new oscillation effects vary between fast, averaged-out effects (for a large new mass-squared difference ∆m . Overall, we expect that a four-neutrino interpretation of NSI-consistent data will fare better than a three-neutrino interpretation. If nothing else, there are more free parameters in the four-neutrino hypothesis, and the four neutrino hypothesis includes the three neutrino one. Table I ). Top row: reduced χ 2 , with horizontal lines indicating the 1, 2, and 3σ allowed ranges. Bottom row: sensitivity contours at 68.3% (blue), 95% (orange), and 99% (red) CL. The input three-neutrino oscillation parameters are consistent with Ref. [47] and are marginalized over. Gaussian priors are included on the values of ∆m For the fit to Case 1 data, the four-neutrino fit (including priors from Solar neutrino data) is significantly improved when compared to the three-flavor fit discussed earlier (Sec. IV A): χ 2 min / dof = 181/110, or a 4.2σ discrepancy, compared to the 7.4σ discrepancy for the standard-paradigm fit. The fit to Case 2 is significantly improved, from the 7.3σ discrepancy mentioned in Sec. IV A to χ 2 min / dof = 149/110, or a 2.7σ discrepancy. The quality of the four-neutrino fit to Case 3 data is χ 2 min / dof = 120/110, or a 1.2σ discrepancy. This is to be compared to a 2.1σ discrepancy for the three-neutrino fit. Results of all of the fits are summarized in Table II Table I ). Top row: reduced χ 2 , with horizontal lines indicating the 1, 2, and 3σ allowed ranges. Bottom row: sensitivity contours at 68.3% (blue), 95% (orange), and 99% (red) CL. The input three-neutrino oscillation parameters are consistent with Ref. [47] and are marginalized over. Gaussian priors are included on the values of ∆m strongly constrained by the Daya Bay experiment [65] .
V. CONCLUSIONS
We explored the effects of NSI and how they modify neutrino propagation in the DUNE experimental setup. We find that NSI can significantly modify the data to be collected by the DUNE experiment as long as the new physics parameters are O(10 −1 ). This means that if the DUNE data is consistent with the standard paradigm, O(10 −1 ) NSI effects will be ruled out. Details are depicted in see Fig. 4 . On the other hand, if large NSI effects are present, DUNE will be able to not only rule out the standard paradigm * * but also measure the new physics parameters. Several concrete hypothetical scenarios were considered, and the quantitative results are depicted in Figs. 5, 6, 7. In particular, the figures reveal that, in some cases, DUNE is sensitive to new sources of CP -invariance violation.
We also explored whether DUNE data can be used to distinguish different types of new physics beyond nonzero neutrino masses. In more detail, we asked, simulating different data sets consistent with the three cases tabulated in Table I , whether an analysis assuming a four-neutrino hypothesis could yield a good fit. The answer depends on the data set. In some cases a reasonable fit was obtained while in the other cases the four-neutrino fit was poor. For the cases where a reasonable fit is obtained, we are forced to conclude that DUNE data by itself is powerless to significantly distinguish NSI from a sterile neutrino. If this is the case, data from other sources will be required to break the degeneracy among qualitatively different new physics models.
By the time DUNE starts collecting data, different neutrino oscillation data sets, from a variety of sources, will be available. It is also possible that the HyperK detector will be online and collecting data concurrently with DUNE. Given the fact that both proposed experiments have, for example, similar reach to CP -invariance violating effects that might be present in the standard paradigm, we qualitatively discuss how combined DUNE and HyperK data can be used to disentangle different new physics scenarios, concentrating on NSI versus a sterile neutrino. The key different between the two experiments, when one compares their capabilities as long-baseline beam experiments, is the fact that they operate at very different baselines (1300 km and 295 km, respectively) but similar values of L/E ν .
† † Sterile neutrino effects -discounting ordinary matter effects -scale like L/E ν and hence are expected to modify both DUNE and HyperK data in the same way. NSI, on the other hand, are not functions of L/E ν . As is well-known, matter effects are stronger at DUNE so NSI will affect DUNE data more than HyperK data. For illustrative purposes, Fig. 9 depicts P µe oscillation probabilities in the standard paradigm and in the presence of NSI (assuming Case 1 in Table I ) as a function of L/E ν for the DUNE and HyperK baselines. It is clear that, assuming NSI exist, the oscillation probabilities at DUNE and HyperK are quite different.
HyperK, along with several other experiments including the Precision IceCube Next Generation Upgrade (PINGU) [66] and the Indian Neutrino Observatory (INO), will collect large atmospheric neutrino data sets. Atmospheric neutrinos have access to a much broader range of L/E ν values and matter densities. The comparison of DUNE data with future (and current) atmospheric neutirno data is also expected to help resolve the nature of the new physics that might lie beyond the standard paradigm.
We conclude by commenting on the status of NSI as a realistic (or at least plausible) model for new physics in the neutrino sector or, equivalently, whether future data from the DUNE experiment can significantly add to what is already known about well-defined new physics scenarios that might manifest themselves as NSI. The fact that we consider the effective Lagrangian Eq. (II.1) at energy scales below that of electroweak symmetry breaking invites one to ask whether there are no "tree-level" charged-lepton NSI effects mediated by the same heavy physics. If this is the case, constraints on NSI are expected to be very strong (see, for example, [45, 48, 49, 67] ). The inclusion of bounds from the charged-lepton sector is, however, model dependent. Nonetheless, it is fair to say that avoiding these bounds all together is very tricky. "Loop-level" effects still provide very stringent constraints [68, 69] which can only be avoided, from a model building point of view, in rather convoluted ways [70] .
‡ ‡ Nonetheless, we find that NSI still provide a well-defined scenario that modifies neutrino propagation in a way that is calculable and nontrivial. It also serves -in the very least -as an excellent straw man for gauging how sensitive different neutrino experiments are to new phenomena, provides a means of comparing the reach of different proposals, and allows one to discuss the wisdom and power of combining data from different types of neutrino experiments.
Note Added: A couple of days after our manuscript first appeared on the preprint arXiv, Ref. [74] , which also investigates NSI effects at DUNE, also became publicly available. The results discussed there -as far as overlapping questions are concerned -are consistent with the ones discussed here.
